Introduction

Mixture deconvolution
Mixture deconvolution is a main topic in forensic DNA investigations, because routine cases involve a lot of mixtures and short tandem repeat (STR) profiling leads to mixed DNA profiles. With the exception of mixed profiles showing a major component or two-person mixtures, from whom one contributor is known and the alleles from the second could be deduced, for most of these mixtures the unambiguous determination of the alleles of a single contributor is not possible. Therefore mixed profiles can mostly be used for direct comparison of profiles from known persons. A comparison with a national database, which is the aim of almost all investigations in cases where no suspect could be determined, is only possible for some selected national databases [4] . In general, for searching national databases, single person profiles are needed or at least preferable. Moreover, mixed profiles are more complicated to interpret and statistically evaluate than single source samples [12, 17] . In summary, deducing single profiles for all contributors of a given mixture would be a great advantage.
For these reasons, several methods were developed by forensic scientists aiming to split mixed stains into their different cellular components. These include the separation of different cell types by laser capture microdissection (LCM) or fluorescence-activated cell sorting (FACS) [6, 18] , as well as the time-shift release of the DNA from the different cellular components of a mixture, such as the differential extraction method for sperm-epithelial cell mixtures [10] . For the splitting of mixed stains consisting exclusively of cells of the same cell type, some other methods may be helpful; for example, the use of anti-human AB0 and CD45 antibody-coated microbeads combined with centrifugal separation for the isolation of white blood cells originating from donors with different blood groups [19] . As a further approach, the sex-specific labelling of cells combined with laser microdissection is used for the isolation of cells from a male and a female contributor [1, 2] . Moreover, some probabilistic models included in statistical software programs were used for mixture deconvolution [5, 11] .
DEPArray TM technology
The DEPArray TM technology (Menarini Silicon Biosystems, Bologna, Italy) has been successfully used for mixture deconvolution by physical isolation of cells using a digital approach. With the help of this technology, single cells, distinguished by immunofluorescent labels and verified by optical imaging, are isolated with the use of a computer-controlled semiconductor dielectrophoretic chip. Cells are inserted into a flow cell and captured in compartments (socalled cages) generated by the activation of hundreds of thousands of microelectrodes distributed on the floor. Once captured and identified, the cells can be independently moved to a collection vial with extreme precision. Thus, pure pools of cells from different cell populations can be separated from a mixture and recovered in separate aliquots. On the other hand, cells belonging to the same cell population can be separated and recovered individually for single cell STR profiling. For forensic applications, the DEPArray TM forensic sample prep kit (Menarini Silicon Biosystems), which enables the staining of epithelial cells, leucocytes and sperm cells, was specifically developed by Menarini Silicon Biosystems. The proof of principle was demonstrated by Fontana et al. [8] . Moreover, Williamson et al. used the DEPArray TM technology for the enhanced mixture deconvolution of sexual offence samples [21] . In a former study this technology has been used in the context of chimerism determination after allogenic bone marrow and stem cell transplantation [3] . All DEPArray TM -related studies published so far were based on the separation of pure pools of cells from different cell populations. This study attempted to connect the separation of individual cells of the same type with single cell STR profiling for the deconvolution of mixtures containing white blood cells from different contributors.
Single cell STR profiling
Single cell STR profiling is not commonly used in forensic DNA investigations, mostly due to the lack of reliable methods for the isolation of single cells from forensic samples. When single cells can be obtained, some literature exists demonstrating the possibility to obtain a profile using different approaches (Geng et al. Single-cell forensic short tandem repeat typing within microfluidic droplets [9] ). A more commonly used procedure in order to obtain single source perpetrator DNA profiles from mixed samples, is the collection of individual skin flakes or bio-particles [7, 15] : however single cells, as well as individual skin flakes, contain a very small amount of DNA, which is not sufficient to obtain STR profiles using the routine extraction and amplification protocols. Therefore, special DNA extraction methods (e.g. single tube lysis and amplification) and modified amplification protocols (low template, LT-DNA protocols) were developed [8, 13] . While improving the sensitivity through an enhancement of PCR, LT-DNA protocols often have an influence on the appearance of the profiles; for example, increased stutter peaks and imbalances of the two peaks of a heterozygote loci as well as increased drop-out rates were observed [20] . This in turn entails the development of special guidelines for the interpretation of these profiles.
Study design
In order to obtain single source perpetrator DNA profiles from blood-blood mixtures of two or three contributors, for this study individual white blood cells (WBC) were separated using the DEPArray TM technology. The DNA of each single cell was set free in solution with the help of a single tube lysis kit (DEPArray TM LysePrep Kit, Menarini Silicon Biosystems) and STR profiling was carried out just adding the PCR mix to the lysed cell solution. To get a first impression regarding the quality and reproducibility of single cell profiles in optimal conditions, white blood cells from a fresh blood sample were processed in advance (sample I).
Following this first control sample, three additional bloodstains (including mock and real casework samples) were investigated, which contained blood from two or three contributors (samples II-IV).
To check the correctness of the obtained single source perpetrator DNA profiles and therefore to demonstrate the proof of principle, only mixtures from known contributors were investigated.
Material and methods
Material
Sample I was a fresh EDTA blood sample, from which 5 μl were removed for investigation. Sample II was a blood stain on the blade of a knife (. Fig. 1 ). The knife was submitted in the context of the investigation in a current murder case. The age of the stain was approximately 6 weeks. Routine STR profiling carried out on several samples taken from the blade as well as the handle of the knife revealed completely matching mixtures. These mixtures could be attributed to two persons and completely explained by the alleles from the victim and suspect. The corresponding reference samples were available. For DEPArray TM separation another sample was taken from the blade with a nylon flocked, PBS buffer-soaked swab. Sample III was a blood-blood mixture of two individuals (without a clearly recognizable major component) applied on a piece of cellulose, which was part of the German DNA Profiling (GEDNAP) proficiency test of the year 2017 (GED-NAP 55, stain 2). For sample IV a mixture was made up of 5 μl fresh EDTA blood from three different individuals. From this mixture 5 μl were taken and added to the staining procedure. All fresh EDTA blood samples used here were submitted as reference samples for routine cases and therefore the corresponding profiles were known. In order to check the correctness, the obtained single source perpetrator DNA profiles for the GEDNAP proficiency test stain (sample III) were sent to the organizer for confirmation.
Cell separation using DEPArray TM technology
Cells were resuspended from the cellulose (sample III) or the swab (sample II) according to the manufacturer's instructions. The resulting cell suspensions as well as the 5μl whole blood samples (sample I and sample IV) were added to the staining procedure. White blood cells were stained using the Forensic Sample Prep Kit (Menarini Silicon Biosystems) according to the manufacturer's instructions. For the staining of white blood cells, this kit contains a PE (Phycoerythrin)-conjugated anti-human CD45 antibody. Furthermore, the nuclei were stained with DAPI (4' ,6-Diamidin-2-phenylindol). The samples were loaded into DEPArray cartridges and processed according to the manufacturer's specifications for the DEPArray TM V2 system. White blood cells were classified with the criteria "InCage" (position of the cell inside the dielectrophoretic cage so that it can be moved by the system), DAPI positive and PE positive using the CellBrowser software (Menarini Silicon Biosystems). The maximum number of cells that can be recovered per experiment is determined by the type of chip used and by the type of recovery (single or pooled). On the DEPArray TM V2 system, a maximum of 17 single cells can be isolated, therefore, for samples II, III and IV, 17 single cells were recovered. For sample I a pool of 5 WBCs (as a control sample, which contains five times the amount of DNA and therefore sufficient DNA to yield a full STR profile) as well as 11 single WBCs were isolated.
DNA extraction and STR profiling
The DNA was isolated with the DEPArray TM LysePrep Kit (Menarini Silicon Biosystems) according to manufacturer's instructions. Using the Multiplex-PCR PowerPlex ® ESXfast system (Promega, Madison, WI, USA) the sexdetermining amelogenin system as well 16 autosomal loci were amplified on a Veriti Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA). The PCR was carried out in a reaction volume of 14 μl and a 32 cycle PCR program, according to the in-house validated protocol; apart from that, the manufacturer's instructions were followed. Determination of fragment length was performed on a 3500xl Genetic Analyzer (Thermo Fisher Scientific) according to manufacturer's instructions. Data analysis was carried out using the GeneMapper ® ID-X Software v1.4 (Thermo Fisher Scientific) and a detection threshold of 50rfu.
Results and discussion
Sample I
For all 11 WBCs, profile completeness varied from 18 to 31 of the expected 32 alleles (. Table 1 ). This means that the worst profile still showed more than 50% of the expected alleles, whereas on average approximately 82% of the alleles could be obtained per single cell. While a complete profile could not be obtained for any of the 11 single cells, it can be stated that each individual allele was detectable at least 6 times and 3 alleles were shown in each of the 11 profiles. For the pool of five WBCs a balanced and full profile was obtained.
. Fig. 2 shows as an example of the partial profile from one single cell (SC-6 WBC) with one allelic drop-out in locus D16S539 (indicated with*). Beside this drop-out some other characteristics, typically generated by LT protocols, could be observed. For example, some of the alleles of the heterozygote loci show strong imbalances (indicated with arrows). The peak height of the smaller allele is approximately 50% lower or more (50% allele 31 in locus D21S11, 81% allele 13 in locus D10S1248 and 64% allele 17 in locus VWA) in comparison with the second allele of the same locus. The maximum imbalance obtained for the 2 alleles of a heterozygote locus in all 11 profiles showed a ratio of 93.4:6.6% (data not shown).
For the interpretation of all subsequent profiles, smaller alleles of a heterozygote locus, which did not reach a peak height of at least 50% of the second allele of the same locus, were not classified as true alleles.
Increased n-4/n-3 stutter was often observed, as well. For example, in the profile for SC-6 WBC (. Fig. 2 , circled) minus one repeat stutters greater than 15% could be found (stutter to allele 17 in locus D3S1358 15.1%, stutter to allele 17 in locus VWA 29.3% and stutter to both alleles of D12S391 with 16.2 and 20.7%, respectively). The highest peak that occurred in n-4 stutter position showed a peak height ratio of 78.9% (SC-8 WBC) and therefore was classified as allelic drop-in in advance. This peak was not included in further considerations regarding the expression of stutter peaks. The maximum stutter values observed at all other alleles were determined per locus and are listed in . [14] . McLaren et al. calculated the stutter values (mean, standard deviation and maximum stutter ratio) for each locus under consideration of the profiles from 656 individuals. All these profiles were generated using sufficient amounts of DNA and a 30-cycle PCR program. In contrast, the number of profiles created in this study as a part of the feasibility study is still too small to provide reliable results for a detailed statistical analysis. Forthis reason, the calculations onthe determination of the maximum values per locus were initially limited, which should serve as a first idea of the interpretation of the profiles from the following samples. For routine use of this technique and standardized interpretation of the resulting profiles, a special set of appropriate guidelines, based on a bigger data set and a more detailed analysis, has to be developed. McLaren et al. obtained maximum stutter values up to 19.3%, while, in this single cell data set, extremely high stutter up to 34% was detected; for 7 of the 16 autosomal loci investigated individual stutter peaks values higher than 20% were reached. Also, two additional alleles in plus-one repeat stutter position were observed (allele 19 in D18S11, peak height ratio 16.4% and allele 12 in D16S539 with a ratio of 31.1%). Based on this knowledge, for the interpretation of all profiles obtained for samples II, III and IV, peaks in plus-one and minusone stutter position were only called as true alleles when the peak height ratio was above 35%. Further additional alleles, which were not located in a minus or that the given maximum stutter value was greatly increased to the rest of the data set and the next highest value, which was additionally given in brackets plus one repeat stutter position did not occur.
Under consideration of possibly occurring increased stutter peaks and the fact that each real individual allele was detectable at least 6 times in the 11 partial single cell profiles (while drop-in alleles were only detected as unique events), a clear and full profile can be deduced by the combined analysis of all the 11 single cells.
Sample II
The profiles of 4 of the recovered 17 white blood cells showed no alleles at all. For the remaining 13 cells partial STR profiles were obtained. These 13 partial profiles could be assigned to the 2 reference profiles, 6 to the victim and 7 to the suspect profile (. Table 3 ). The obtained partial profiles showed 11 up to 27 of the expected 29 (victim) and 14 up to 28 of the expected 30 (suspect) alleles. Combining the alleles assigned to each person in each single cell profile, the full profiles of two individuals could be deduced. Every single allele was detected in at least three out of six (profiles assigned to the victim) or seven (profiles assigned to the suspect) cells. The highest number of allelic drop-out could be observed in the STRloci VWA, TH01, D8S1179 and D21S11 and thus the observed allelic drop-outs are more likely to be a consequence of stochastic phenomena [16] rather than the consequence of DNA degradation. Moreover, three additional alleles (classified as allelic drop-ins) were observed (. Table 3 ), one of which (allele 29 in locus D21S11, sample SC-5 WBC) was located in a minus one stutter position of the actual suspects' allele 30. Nevertheless, due to the peak height ratio of approximately 45% this peak was also rated as a drop-in. All three drop-in alleles occurred only once in three different samples and loci, where two other alleles had already been proved several times and therefore the true genotype of this individual could be clearly reconstructed. In summary, complete profiles could be derived for both persons involved in the mixture.
Sample III
In contrast, from the 17 WBCs recovered from the GEDNAP stain (bloodblood mixture from two individuals) only two partial profiles could be obtained (. Figs. 3 and 4) . The profiles showed different alleles and based on the assumption, that no allelic drop out occurred in the amelogenin, these are the profiles of a male (. Fig. 3 ) and a female (. Fig. 4) person. For the remaining cells, no alleles could be detected at all. Under use of the above established values for stutter interpretation, clear signals were labelled with the corresponding allele naming. For the male profile the two alleles in locus D10S1248 and D2S1338 showed extreme imbalances (both not in plus or minus one repeat stutter position). Therefore, the smaller alleles were classified as questionable and not as true alleles. The size of allele 6, (locus TH01) and allele 18 (locus D12S391) in the female profile, as well as allele 14 (locus D19433) in the male profile show peak heights which were about twice as high as the peaks of the neighboring heterozygote loci. For these loci homozygote genotypes were reported. In this way two profiles were deduced; one male profile with at least two questionable and four possibly missing alleles (dropouts) and a female profile with at least four possibly missing alleles (drop-outs). The deduced partial genotypes were completely confirmed by the organizer of the GEDNAP proficiency test. In summary, although the results are based on single analyses, the derived, albeit partial profiles could be correctly deduced.
In comparison to sample I and II it is obvious that only 2 of the 17 cells could be profiled. This fact did not meet the expectations after the first two attempts. Looking for an explanation, the images of the selected cells from sample I and III were compared (. Fig. 5 ). Whereas the images of the WBCs from sample I showed clear, well-demarcated images for the PE as well as bright field and DAPI staining, the signals of most of the WBCs from sample III appeared more diffuse. This may give a hint on the constitution of the cells and therefore maybe also the DNA quality. According to the information provided by the organizer of the GEDNAP proficiency test, at the time of investigation the stain was approximately 2 years old and therefore older than samples I and II. In addition, it was communicated that the mixed samples of the proficiency test were mostly treated with surfactants. This also may have an influence of the integrity of the cell or nuclear membrane. Damage of the cell membrane in turn may have an influence on the staining and the perfect movement of the cells in the extraction cartridge. Also, a loss of DNA would be conceivable. Whether there really is a connection has to be resolved by further testing.
Sample IV
For all of the recovered 17 WBCs from sample IV, partial profiles were obtained (. Table 4 ) and 3, 6 and 8 profiles can be assigned to an individual (named A, B and C, respectively). The obtained partial profiles showed 21 up to 29 of the expected 31 (A), 24 up to 29 of the expected 33 (B) and 18 up to 22 of the expected 23 (C) alleles. A total of 16 alleles were detected only once and therefore not classified as true alleles (possible dropin alleles). All other alleles were detected at least three out of six (A), two out of three (B) or five out of 8 (C) times. Of the 16 alleles proven only once 13 occurred in loci where 1 (in the case of a homozygote genotype) or 2 (in the case of a heterozygote genotype) other alleles had already been proven several times. Therefore, the true genotype of this individual could be deduced. The other three alleles were found in the three profiles assigned to individual B (allele 18 in locus VWA and alleles 14.2 and 15 in locus D19S433). A comparison with the reference profile of the corresponding person showed that these were indeed the true alleles of the corresponding individuals. So once more it was shown that for the certain and complete derivation of a genotype, a sufficiently large number of partial profiles should be used in order to distinguish artifacts from true alleles. Thereby the number of the required profiles directly correlates with the quality.
For this sample, two complete and one almost complete partial profile were finally deduced, which all completely matched the alleles of the reference samples and therefore demonstrated the effectiveness and correctness of this method. Sample IV again was a fresh and untreated sample. Compared to sample III, significantly better typing results (partial profiles for all 17 recovered WBCs) could be obtained. This again underlines the presumption that the success of the technology seems to depend very much on the quality of the cells and/or DNA.
Conclusion
In summary, it can be stated that STR profiling of single cells isolated by DEPArray TM technology can be used successfullyforthe deconvolutionof mixtures containing white blood cells from different contributors. While the benefits of the technology in the separation of heterogeneous mixtures composed of different cell types have already been demonstrated impressively several times [3, 8, 21] , in the current study for the first time DNA profiles of each individual contributor could be reconstructed from mixtures composed of cells of the same type through the isolation and profiling of multiple single cells.
In contrast to software-based deconvolution models, this approach is wellsuited for the investigation of mixtures with balanced mixture ratios. Software- to depend very much on the quality of the cells and/or DNA. Single cell STR profiling itself is already a challenge, even when DNA is intact. Degradation or loss of DNA may very quickly lead to completely negative results. Furthermore, the structure of the cell membrane must be preserved to a level that the staining and the movement of the cells in the cartridge is still possible without restriction. The single cells treated in this study yielded only partial profiles. In order to obtain complete profiles, all partial profiles (if available), which were attributed to the same single person were combined to form a consensus sequence. Artifacts can also be better recognized in this way, so that the true alleles can be deduced beyond doubt. Therefore, with increasing complexity of the mixture (increasing number of contributors), the number of selected cells has to be increased. With the DEPArray TM V2 system used in this study, a maximum of 17 single cells can be recovered from 1 cartridge. In contrast, the new generation, DEPArray TM N xT instrument, allows separation of up to 48 single cells.
As expected, when low amounts of DNA were amplified using an increased PCR cycle program, beside drop-outs some other characteristic artefacts occurred more often. Initial guideline values were determined in the course of this feasibility study; however, for the routine application of this technology in forensic casework, appropriate guidelines should be developed based on a larger dataset. 
